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Abstract
Bioprinting is an additive manufacturing technology with great potential in medical applications. Among
available bioprinting techniques, laser assisted bioprinting (LAB) is a promising technique due to its high
resolution, high cell viability, and the capability to deposit high viscous bioink. These characteristics allow the
LAB technology to control cells precisely to reconstruct living organs. This paper is intended to review the
recent developments of LAB technologies. It covers various designs of LAB printers, the research progresses in
energy absorbing layer (EAL), the physical phenomenon that triggers the printing process in terms of bubble
formation and jet development, the printing process parameters, and the major factors related to the post-printing
cell viability. This paper highlights the latest studies on LAB technologies, expounds their advantages and
disadvantages, and further presents some potential applications. This paper also provides discussions about the
potential technical challenges and future research trends for LAB technologies.
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1. Introduction
Bioprinting is a new research area that calls upon knowledge of biology, medical science, material science
and manufacturing/mechanical engineering. It has attracted vast interests during the past decade, due to its
significant potentials in various biomedical applications [1]. Based on the same principle of additive
manufacturing process, it can create complex 3D biostructure by depositing bioink on target substrate or
scaffold. The great potential of bioprinting ensures its wide prospects in bio-manufacturing, especially in
regenerative medicine and drug development [2].
The primary long-term goal of bioprinting research is to construct functional organs or tissues which can be
transplanted [3-5]. For natural tissues or organs in vivo, cells are growing three-dimensionally and
communicating spatially. In the past, limited by existing technologies, most cells or tissues are cultured in 2D
structures. The lack of a 3D structure may cause cells to lose part of their biological functions because of the
limited cell interaction, which eventually leads to difficulties in cell migration, reproduction, and assembly
required in tissue regeneration[6-8]. To address this issue, different technologies have been developed to
construct 3D biological models. These technologies include the rotating method [9], hanging drop method [10],
forced-floating method [11, 12], microfluidic system [13], the use of scaffold [14, 15] and 3D bioprinting [16].
Among all technologies, 3D bioprinting has been proved to be the most promising one to fabricate 3D biological
structures with biomaterials, which already shows great potentials in the manufacturing of functional biological
tissues even in its infancy [17]. There are four major bioprinting technologies: droplet based bioprinting (DBB),
extrusion based bioprinting (EBB), vat polymerization (VP), and laser assisted bioprinting (LAB). While all
printing principles find their applications in tissue regeneration, this paper will focus on LAB due to its special
design, great potentials and unique technical challenges.
Among all LAB technologies, laser induced forward transfer (LIFT), which is firstly proposed by Bohandy
et al. in 1986 [18] as an accurate metal deposit technology, has been applied to bioprinting in 2004 for the first
time and successfully prints cell patterns with high cell viability [19-21]. LAB has many unique advantages,
such as 1) it can deposit material with a higher printing accuracy and resolution than nozzle-based bioprinting.
With the appropriate parameters, the printing resolution of LAB can reach up to micron level [22, 23], which
provides LAB the capability of isolating single cell or cell aggregations from high cell concentration bioink [24];
2) equipped with a high frequency pulse laser, LAB can achieve high throughput printing up to 5 kHz, which can
translate to 5000 droplets deposited on the substrate per second [22, 25]; 3) Compared to other droplet-based and
extrusion-based bioprinting methods, LAB deposits bioink by laser without utilizing any nozzle, which is,
however, generally required in other bioprinting processes. This ensures the LAB processing bioink without
clogging issue even if the bioink is very viscous [26, 27]. The viscosity range of the bioink that can be handled
by the LAB is in the range of 1-8000 mPa·s [2, 28]; 4) Some research groups [29] reported that the LAB can
print cells into a high cell density structure. The high cell density is the key feature to ensure the endothelial cells
to form the capillary system which is one of the essential research topics in biomanufacturing
engineering/science; 5) among all bioprinting technologies, LAB has the highest cell viability; 6) the LAB also
has the capability to achieve in situ printing [30]. It has been reported that the “multipotent mouse bone marrow
stromal precursor cells” was printed on a skull of a mouse to help the recovery of its bone injury [31]; 7) LAB
can cooperate with other bioprinting technologies to extend its capability, for example, Ovsianikov et al. [32]
This article is protected by copyright. All rights reserved.
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integrated LIFT with the two-photon polymerization technique, which was used to print the scaffold, while LIFT
was then used to deposit the cells.
In terms of various types of tissues that can be used in LIFT, it has already been proven that the LIFT
bioprinting can process Liposomes [33], DNA [21, 34-37], Proteins [38], human osteosarcoma cells [20], human
osteoprogenitor cells [39], human endothelial cells [40], tissue engineered skin substitutes [41, 42], fungi [43],
mesenchymal stem cells [44, 45], and human colon cancer cells [46], as shown in Table. 1.
Table.1 Biomaterials processed by LAB
Material
DNA
Human colon cancer cells
Human endothelial cells
Human osteosarcoma cells

Reference
[21, 34-37]
[46]
[40]
[20]

Human osteoprogenitor cells
Liposomes
Mesenchymal stem cells
Proteins

[39]
[33]
[44, 45]
[38]

Even though LAB is one of the most promising bioprinting technologies, it also has some weaknesses that
cannot be ignored at the current stage. Limited by the small amount of biomaterials that can be transferred in
each laser pulse, the productivity of LAB is not yet the highest among all bioprinting methods. Even equipped
with a high frequency laser, the productivity of LAB still cannot compete with other bioprinting methods, such
as the inkjet bioprinting, which is a droplet-based bioprinting technology. This could be a significant drawback
for medical applications, such as organ printing [47], where the printing speed is a crucial factor in the
manufacturing process. The high cost to build a LAB printer is another factor that limits the research and its
commercialization.
In order to have a complete understanding of the LAB technologies, we aim to provide a state-of-the-art
review about the LAB setup, research gaps, technical challenges and future research trends. This review is
organized as follows: Section 2 provides an overview of general LAB setup and its working principle; Section 3
outlines the importance of absorbing layer in details; Section 4 discusses how the printing parameters can affect
the printing process; Section 5 introduces a special application of LAB, which is single cell isolation; Section 6
emphasizes the effects of bubble/jet formation on the bioink transfer process; Section 7 mainly lists out all the
factors which are essential to the viability of printed cells during or after the printing process. In the end, we also
provide some insights about the technical challenges and discuss some future research trends in Bio3D printing.
2. LAB setup and its main modules
The common design and setup of LAB is shown in Fig. 1. It consists of three main modules, the laser
generator, the laser path adjusting module, and the cell transfer module. These three main modules work together
to deposit the bioink in the desired place. Since the laser path adjusting module simply consists of mirrors and
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lenses to reflect or expand the laser beam, in the following two subsections, only the laser generator and the cell
transfer module will be discussed in detail.
Fig. 1 The structure and main components of laser assisted bioprinter (modified from [48])
2.1 Laser generator
Since the invention of LAB, various types of laser generators have been tested for LAB, such as the excimer
laser [49], Nd: YVO4 laser [50], Nd:YAG laser[29, 31, 51-53], and ruby laser [54]. The laser wavelength varies
from 94nm [54], 266nm [55], 284nm [56], 355nm [51, 53] to 1064nm [31, 52]. In terms of the laser pulse
duration, most LAB systems are using nanosecond laser, but the sub-picosecond laser [35, 57], and femtosecond
laser [58, 59] have also been tested.
The most commonly used laser pulse duration in the LIFT bioprinting is the nanosecond pulse, however, the
heat effect of nanosecond laser becomes a major factor that can cause damages to heat-sensitive cells in the
printing process [60]. It is believed that a laser with a shorter pulse duration, such as the femtosecond and
picosecond laser, could reduce the heat released to the bioink, thus resolving the problem of thermal damage to
cells being printed. Among various laser wavelengths, the infrared laser is preferred, because its wavelength
generally causes less change in the chemical and physical properties of the bioink and also creates less damage
to cells than the UV laser [25, 61, 62], which is not a good choice when processing living cells because it has the
potential risks of breaking the DNA double strand [63]. However, it is worth noting that the laser wavelength
also plays an important role in the thermal effect, for example, even though the infrared laser is preferred over
the UV laser, it may cause more thermal damages to cells. It is essential to evaluate the influences of pulse
duration together with the laser wavelength in order to identify the most appropriate laser for better cell viability.
2.2 Cell transfer module
In a common LIFT setup, the cell transfer module consists of a ribbon and a substrate, which are usually in
the shapes of a disk and made of transparent materials such as glass or quartz. The ribbon is set above the
substrate with a very small distance, usually 100-500 micron, as shown in Fig. 1. There are two different ribbon
setups: 1) matrix assisted pulse laser evaporation direct writing (MAPLE-DW); 2) absorbing layer assisted LIFT
(AFA-LIFT). The difference between AFA-LIFT and the MAPLE-DW is with or without an energy absorbing
layer. The ribbon in an AFA-LIFT setup has three layers of materials: 1) the supporting structure, which is a
relatively thick and transparent layer made of quartz or glass; 2) beneath the first layer, a very thin and nanoscale laser absorbing layer (or sacrifice layer) is coated; 3) the bottom of the whole ribbon setup is named the
bioink layer which contains the material that needs to be transferred [64]. But the ribbon structure for MAPLEDW only has two layers: the supporting layer and the bioink layer [65]. In the MAPLE-DW, due to the no-EAL
design, the protein in the bioink is the most widely used laser absorbing matrix, consequently, the low energy
UV laser is applied in MAPLE-DW, which is not good for cell viability [63]. The potential method to solve this
problem is discussed in Section 3.
On the hard surface of the substrate, some researchers applied a thin layer of “soft buffer” in order to reduce
the impact of landing, more information can be found in Section 7.1.
This article is protected by copyright. All rights reserved.
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2.3 Working process
As showed in Fig.2, the working process of LAB is composed of several sequenced steps [51, 66-70]:
1) the laser beam is emitted from the laser generator and the mirrors/lenses adjust the laser path to ensure the
laser reaches and focuses on the up surface of the sacrifice layer (in AFA-LIFT) or bioink layer (in MAPLEDW) after the beam passes through the transparent supporting structure;
2) a bubble is generated and grows at the irradiation spot. The bioink in this area starts to stream along the
vacuolar membrane and meet at the bubble pole;
3) the violent expansion of the bubble decreases the inner pressure quickly and the bubble starts to collapse.
Driven by the high pressure generated at bubble pole, the bioink forms a jet or droplet;
4) the jet or droplet is then landed on the receiving substrate after traveling through the gap between the
ribbon and substrate and a small amount of bioink is deposited on the substrate. The cells or other biomaterial in
the bioink is printed.
By repeating these four steps, printing through different areas, droplet by droplet, layer by layer, the
designed biological structure will finally be built.
Fig. 2 LAB working process: (a) step 1; (b) step 2; (c) step 3 and (d) step 4
2.4 laser induced backward transfer (LIBT)
Fig. 3 Laser induced backward transfer [58]
There are two potential technical challenges of LIFT technique: 1) the uniformity and stability of the bioink
layer cannot be achieved easily with the required low thickness of the bioink layer; 2) the surface tension and
evaporation may cause the bioink layer malfunction. The bioink layer is very thin, the surface tension may cause
bioink layer to become ununiform and the evaporation may dry up the thin layer very quickly. To resolve these
two problems, Duocastella et al. [58, 71] proposed a new technique, which is called “laser induced backward
transfer (LIBT)” or “film-free laser forward printing”, to address the two aforementioned technical issues of the
current LIFT setup. Duocastella et al. switched the position of the substrate and bioink donor, the laser beam
now goes through the transparent substrate or direct comes from below and focuses at a small distance below the
surface of the bioink where the bubble is generated, as shown in Fig. 3. In this method, no EAL is required and
the cavitation bubbles are generated by femtosecond infrared laser to propel a small amount of liquid squirting
upwards and deposit it on the lower surface of the substrate.
3. Laser absorbing layer of a LAB system
The laser absorbing layer (LAL) or energy absorbing layer (EAL) is one of the essential components of the
multilayer ribbon system of AFA-LIFT. It is the base material of bubble formation and provides the ability to
absorb the laser energy efficiently and further generate bubble/jet due to evaporation or other mechanisms,
which is discussed in detail in Section-6. Generally, the use of EAL in AFA-LIFT can improve the linear laser
This article is protected by copyright. All rights reserved.
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absorption. However, the “film-free laser forward printing” proposed by Duocastella et al. [58, 71], actually
avoids the use of non-biological, inorganic absorption layers and the use of UV-lasers by a non-linear multiphoton absorption mechanism, eventually creates an optical breakdown to form a jet. In addition, the presence of
an independent absorbing layer is the key difference between AFA-LIFT [43, 72] and MAPLE-DW [65]. The
absorbing layer provides three major benefits: 1) improve the laser absorbing rate [60, 73]. Bioink may not be
able to perform as a good laser absorbing material, because its major contribution is to provide a good
environment for the living cells. Due to the weak laser absorption rate of bioink, the absorbing layer is required
to enhance the laser energy absorption; 2) isolate the bioink from direct contact with the laser beam, so the EAL
greatly reduces the deterioration of cells in the bioink [73, 74]. It was shown [39] that without an EAL, nearly
99% of the laser energy will pass through the bioink layer, and the cells contained in the bioink have a high
chance to be destroyed; 3) The EAL also helps the jet formation in the LIFT process. When compared with the
case without EAL, it was observed that the jet becomes significantly milder and smoother for the case with EAL,
therefore it gives the laser fluence a wide range of tolerance to generate a stable and controllable jet or droplet
[75].
However, there are also two drawbacks of having an absorbing layer. First of all, the laser will break the
EAL due to the intense energy absorbed, as shown in Fig. 4 [76]. Since the ribbon will be broken after printing,
it must be recoated before the next printing, and this will significantly affect the printing efficiency. Secondly,
the fragments of the absorbing layer can contaminate the bioink and damage the living cells [50, 77]. While with
short pulse duration and low laser energy, the nanosized debris or some nanoparticles from the broken EAL may
be negligible [78]. However, the amount of these nanosized fragments will grow with the increase of laser
energy and they are hard to be removed [79]. When these fragments accumulate in the printed bioink, the
potential risk of cell deterioration increases.
Fig. 4 The morphologies of EAL(titanium) after LAB, a: pulse energy of 2 μJ, spot size of 45 μm, thickness of
160 nm, b: pulse energy of 2 μJ, spot size of 45 μm, thickness of 100 nm, c: pulse energy of 2 μJ, spot size of 45
μm, thickness of 80 nm, d: pulse energy of 2 μJ, spot size of 45 μm, thickness of 40 nm [76]
A good design of EAL can increase printing resolution, promote productivity and enhance cell viability.
Various materials have been tried and tested to fabricate the absorbing layer, which include Ti [80], titanium
oxide [55, 81], Au [48], Ag [74], and polyimide [50] as shown in table.2. It is believed that the EAL should be
thicker than the laser radiation penetration depth for better protection of bioink [82]. For a typical metal EAL, its
thickness is usually in the range of 10-100 nm, and for the polymer absorbing layer, the range of thickness is
approximately from 500nm to 1000nm [56, 70, 77].
Table.2 EAL materials
EAL material
Ag
Au
Ti

This article is protected by copyright. All rights reserved.
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There are two potential ways to solve the contamination caused by EAL fragments. The first one is to print
without an EAL, such as the MAPLE-DW technique. As mentioned before, the UV laser is widely used in the
MAPLE-DW. The short wavelength laser, unfortunately, will break the double strand of DNA and cause
photochemical crosslinking in the bioink [83]. As a result, cells may suffer from death and carcinogenesis.
According to the reviewed literature, the best way to improve the MAPLE-DW is to use water as the energy
absorbing medium and femtosecond IR laser as the energy source [63]. The second way to solve this issue is to
mitigate the contamination caused by EAL fragments. One of the most promising solutions is to adopt the
biodegradable material as the EAL. By doing so, the fragments can be degraded and dissolved automatically.
Specifically, gelatin has been tested as the material of EAL [83]. With a higher absorbing rate, the gelatin
absorbing layer does not need a high laser fluence to generate the bubble and jet, which allows producing a
smaller droplet size with lower jet speed, as shown in Fig. 5. Comparing LIFT with and without EAL, the cell
viability can be increased by only 10%, but the DNA damage will be decreased significantly by more than 50%
[83].
Fig. 5 (a) Droplet size and (b) jet velocity with/without the gelatin EAL. (*) indicates significant difference
between groups [83]
To protect the living cells in the bioink in a better way, metallic-foil-assisted laser cell printing was
introduced by Lin & Huang [77]. The uniqueness of this technology is the design of the absorbing layer.
Different from a single absorbing layer used in a common LIFT setup, this absorbing layer actually consists of
two different layers: 1) a sacrifice and adhesive layer; 2) a metallic foil layer, as shown in Fig. 6. The metallic
foil is glued underneath the quartz ribbon by 3M Scotch tape. This new design can produce a higher printing
resolution while the droplet size is less sensitive to the laser fluence. The printed cells also showed a higher
viability under large laser fluence when compared with MAPLE-DW [77]. The sacrifice and adhesive layer will
be vaporized, and the metallic foil stays unbroken, which prevents the bioink from contamination during the
entire printing process.
Fig. 6 Metallic foil-assisted laser cell transfer [77]
In a typical LIFT setup, the absorbing layer is only for one-time use because the layer will be burned and
partially or totally vaporized. The recoating of the absorbing layer is required after each LIFT process, but it may
limit the efficiency of LIFT bioprinting. A typical way to resolve this problem is to develop a reusable absorbing
layer that is made of materials that cannot be melt or vaporized. Charipar et al. [84] developed several reusable
absorbing layers, for example, poly (dimethylsiloxane), PDMS (Polydimethylsiloxane), and ceramic thin film
comprised of ITO (indium tin oxide). These absorbing layers have been tested in LIFT by printing liquid and
solid materials.

This article is protected by copyright. All rights reserved.
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4. Parameters related to printing performance
The performance of LIFT bioprinting highly depends on the printing parameters, which play critical roles in
the bubble formation, jet development, deposition volume, resolution, and cell viability. Generally, the important
printing parameters [70, 76, 85, 86] include:
1. Laser fluence (which equals laser pulse energy divided by laser spot size)
2. The thickness of the absorbing layer
3. The thickness of the bioink layer
4. Travel distance
5. Physical properties of the bioink
By increasing the laser pulse energy, there are three regimes (subthreshold regime, jetting regime and plume
regime) that appeared in the jet formation [25, 67, 87], as shown in Fig. 7. If the laser energy is too low or the
liquid viscosity is too high, the jet cannot be developed completely, which may result in no material transfer [88,
89]. When the laser energy is higher than the jetting threshold but lower than the plume threshold, a stable jet
will appear and the bioink can be transferred in an organized way. In this range, the volume of deposited
biomaterial linearly depends on the laser pulse energy [70]. If the laser energy is too high or the viscosity is too
low, the jet becomes unstable and the undesired plume appears underneath the bubble, as shown in Fig. 7 [28]. It
is noteworthy that the laser energy is not the only parameter that determines the jet regimes. The viscosity of
bioink also plays an important role here. When the bioink viscosity gets higher, it needs more laser energy to
trigger the jet formation process. If the bioink viscosity is low, splashing is very likely to occur[90].
Fig. 7 Three regimes for bubble/jet fprmation [70]
It was reported that the volume of deposition has a linear relation with the laser fluence [22, 39, 51, 53, 62,
91], as shown in Fig. 8 and Fig. 9. Higher laser fluence means that more cells can be transferred each time [76].
But Lin et al. [26] pointed out that it is not the volume, but the droplet diameter is linearly increasing with the
laser energy.
Fig. 8 Droplets transferred at different laser energies (Over each column, the average pulse energy is indicated)
[53]
Fig. 9 Droplet volume versus laser pulse energy [53]
A smaller laser spot size will result in a better printing resolution [85], however, it is not always desirable
because less material will be transferred every time, which will reduce the printing efficiency. Consequently, it is
necessary to balance the printing resolution and printing efficiency. Generally, a higher laser fluence has a better
potential to rupture the EAL, for the gold EAL, it has been reported that the quantity of fragments linearly grows
with the increasing of laser energy per pulse [78], which is not preferred in the LAB. In this case, larger laser
spot size, which means lower laser density at same laser pulse energy, may possess the advantages of generating
This article is protected by copyright. All rights reserved.
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bubble/jet without producing fragments from EAL [50]. When the distance between the ribbon and the substrate
is less than 500 microns, in the experiments performed by Deng et al. [76], the jet can not be fully developed
before the bioink touches the substrate, the volume of bioink and the number of cells transferred to the substrate
cannot be controlled well. Once the distance is greater than the threshold, the number of cells printed everytime
becomes stable , in this case, the distance has negligible effects on the number of deposited cells [76].
Viscosity, one of the material properties of bioink, is very important to the printing quality. As discuessed
above, printing resolution strongly depends on the laser energy and bioink viscosity [85, 92]. Especially when
the laser fluence is low, the resolution is more sensitive to the viscosity than laser fluence, and vice versa. The
viscosity of bioink will also affect the spreading of droplets during the landing process. It is reported that the size
of the deposited droplet is inversely proportional to the viscosity of bioink [22], which means that with the
increase of viscosity, the ability to control the printed structure and the printing resolution increases
dramatically[85].
Besides viscosity, the cell itself also plays an important role [93]. The presence of cells may change the
printability of bioink significantly. The cell-laden bioink has a higher transfer threshold, lower jet velocity,
shorter jet break up length, and smaller printed droplet size. Due to the inhomogeneity caused by the living cells
in the bioink, the jet may appear non-ideal morphology, such as a non-straight jet with non-straight trajectory or
a straight jet with non-straight trajectory [93], as shown in Fig. 10.
Fig. 10 Different types of jets by using the cell-laden bioink [93]
Up until now, the efforts of optimizing the printing parameters to print cells with higher viability and better
quality are still limited to few cell types, such as endothelial cells and colon cancer cells [40, 46, 94]. A general
method to assign optimal values to printing parameters for each particular printing task with different cells with
various shapes and sizes is still desired to be developed. Jie et al. [95] proposed a numerical study to simulate the
bubble formation and jet process under a single laser pulse, and their simulation results showed that under a laser
pulse with the Gaussian distribution, a vapor bubble was formed around 0.1μs, during the bubble expansion
process, the maximum magnitude of velocity could reach as high as 22m/s, and the pressure near the laser
interaction area was around 4.72 × 107 Pa, which is 470 times of the ambient pressure. Based on the simulation
results, they recommended some printing parameters, such as the laser fluence and the focal spot area, in order to
achieve a stable regular jet flow to transfer the bioink to the receiving substrate.
5. Single cell isolation
From the discussions in Section-4 regarding the parameters, it can be concluded that by applying the desired
value for each parameter, the printing process can be controlled accurately, providing the LAB process the great
potential to realize one of the essential applications in medical research: single cell isolation.
The cell is the elementary unit to build up organs and tissues [96]. The high resolution and great viability are
critical for LAB to process cells accurately and also isolate single cell during the printing. Therefore it ensures
the feasibility of research on the influence of cell microenvironments, single cell analysis, and other research
topics [97-100].
This article is protected by copyright. All rights reserved.
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The inkjet-based bioprinting technique has already been tested to print single cell [101], but it still cannot
deposit a cell at a time precisely. It was reported that LAB can transfer a single cell every time if proper printing
parameters are applied [24]. However, this so-called single cell printing is based on statistical data such as 25
cells are printed by 25 laser pulse and the process cannot be repeated precisely [76, 102]. In some experiments,
beads are used to represent real cells due to their similarity in shape and size. It has been found that the number
of beads per printed spot is a game of possibility [103]. As shown in Fig. 11, the number of beads in each spot
can vary between 0 and 6, the probability of different number of beads depends on the value of printing
parameters. The best result that can be achieved is to make the probability of “one bead per spot” become the
highest among all other cases. There is no way to guarantee that one laser pulse can induce a single cell
accurately.
Fig. 11 The number of beads printed every time with concentrations of 1.0, 1.3, and 1.9×107 beads/ml [103]
Marquez et al. [104] demonstrated the capability of a new blister actuated-LIFT (BA-LIFT) configuration
for cell-laden hydrogel printing at a wide range of viscosities and droplet sizes, and for live tracking and
isolation of single cells. In their experiment, the bioink with a concentration of 8~10×106 cells per milliliter was
prepared by mixing the cells and hydrogel. The cells were isolated along the whole ribbon surface with high
viability. It is noteworthy that the cell in the bioink should have at least 50 μm between each other, otherwise
more than one cell will be transferred by laser pulse each time. This requirement implies the cell concentration in
the bioink should be kept at a relatively low level in order to maintain such a minimum distance.
Even though LAB is the best among all bioprinting techniques in terms of controlling the number of cells
printed each time, it is almost impossible to achieve the same number of cells in each droplet due to the random
distribution of cells in the bioink. One of the promising solutions is to locate every target cell before printing. By
knowing the exact location of each target cell on the ribbon, the laser can be guided to focus on the center of a
cell. Doing so not only can solve the problem caused by the random distribution of cells in the bioink, but also
may prevent some non-straight jet shapes caused by the presence of cells, which may affect the printing accuracy
[93].
6. Bubble/jet formation
Even though in the past 15 years many different types of lasers and ribbon structures have been tested in
LAB system, they all share the similar mechanism for the bioink transfer phenomenon: by absorbing the energy
of laser pulse, a bubble with much higher inner pressure than its surroundings is generated at the ribbon-bioink
interface may be due to evaporation, cavitation, and plasma formation [105, 106]. Then the material beneath the
bubble is propelled by forming a droplet or a jet simultaneously while the bubble itself is developing [68, 69].
Scientists tried to optimize the performance of LIFT by testing out the influence caused by varying different
parameters, such as the laser fluence, bioink viscosity, and so on. Overall, it can be concluded that the expansion
of bubbles provides the momentum for material transfer; the bubble formation and expansion mode play a key
role to achieve a less violent transfer process with a higher viability of target cells. The bubble/jet formation
process needs to be managed in order to control the accurate amount of material in the transferring process.
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In the LIFT bioprinting process, the critical step is the transfer of biomaterial from the ribbon to the
substrate due to the formation of bubble and jet. Unfortunately, the fundamental mechanism that triggers the
formation of bubble or jet in LIFT has not been fully understood [68]. Even though a lot of experimental studies
have been reported to visualize the process using high speed camera, the theoretical explanation of the formation
of bubble or jet, as well as the interaction between the laser and the bioink, has not been comprehended yet.
It has been proven that the jet formation is highly related to the bubble behavior during its expansion and
collapse [25, 50, 62, 68, 87, 107]. To specify the bubble/jet formation in the whole printing process as described
in Section 2.3, it is divided into three stages by different inner bubble pressures [50, 68, 107] as shown in Fig. 12
and 13. Firstly, the bubble inner pressure is lower than the surrounding pressure, the bubble expands very rapidly
and drives the bioink downwards. Secondly, the inner pressure is gradually released to its surrounding pressure,
and then the bubble keeps expanding due to the inertia. When the inside pressure equals to the surrounding
pressure, the bubble can have a short time of oscillation [50]. Lastly, once the bubble expands to a level where its
pressure is lower than the surrounding pressure but still higher than the local saturated vapor pressure, the bubble
will start to shrink and collapse, then the jet can be generated.
Fig. 12 Time-resolved images of the jet formation during LAB. Laser power: (a) 1.6 J/cm2 and (b) 2.7 J/cm2 [68]
Fig. 13 The bubble/jet formation process of LAB [68]
To explore the physics of material transfer in the LIFT process, scientists developed many attractive
hypotheses to explain the experimental phenomenon, such as the plasma formation model, the nucleate boiling
model, the phase explosion model, the shock wave model, and the thermo-elastic effect model [105, 106].
Researchers also claimed that their models can only match well with their own experiments, so a generalized
model is required to explain the bubble formation and jet development by considering different operating
conditions, in order to obtain a comprehensive understanding of the interaction between the laser and the bioink
and/or EAL. In this section, we provide a review of all different hypothesis models, and hopefully, this review
can trigger some interdisciplinary ideas in the bioprinting research community in order to fulfill the mission of
developing a comprehensive model to tackle the bubble formation and jet development.
The plasma formation model requires a high fluence laser to trigger the optical breakdown of the matrix.
Generally, the optical breakdown is a high power-consuming process, and the threshold of an optical breakdown
of water is around 1010 W/cm2 for nanosecond lasers [108, 109], and slightly above 3×1012 W/cm2 for 340 fs
laser with 1040 nm wavelength [109]. Lin et al. [26] used a laser with 193nm wavelength, 12ns pulse duration
and 1439+/-89 mJ/cm2 laser fluence for MAPLE-DW printing. When the laser beam was focused at a spot
diameter of 150 μm, the laser energy intensity was at the order of 108 W/cm2; therefore, it was much lower than
the optical breakdown threshold for water. Therefore, the absorption of the MAPLE-DW is based on linear
absorption by using a nanosecond laser pulse, which can heat the bioink and generate a bubble due to
evaporation. However, Duocastella et al. [58] reported a different result. In their experiment, a femtosecond laser
was used for film-free laser forward printing, and the laser had a 1027nm wavelength, 450fs pulse duration, 2 μJ
pulse energy, and laser spot size diameter was around 1.2 micron. According to their calculation, the laser
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intensity was about 1014 W/cm2, which is two-order of magnitude higher than the threshold of plasma formation
in water. Therefore, they draw a conclusion that it was the plasma expansion that initiates a cavitation bubble,
and later it also provided the required kinetic energy to form a jet. Therefore, Duocastella et al. concluded that
the film-free laser forward printing avoids the use of non-biological, inorganic absorption layers and the use of
UV-lasers by a non-linear multi-photon absorption mechanism, and a focused femtosecond laser was used to
create an optical breakdown, resulting in the formation of a cavitation bubble to form a jet.
When the laser pulse duration is shorter than 100ns, the boiling can barely occur in such a short time period
[26]. The phase explosion is, therefore, considered as a possible reason for the bubble generation in LIFT and
MAPLE-DW using short pulse laser (around 10 ns). After a short time period when the laser is focused on the
absorbing matrix, the liquid can be heated up to a temperature much higher than its boiling temperature and then
reach an equilibrium state of mixed phases. This process is called the phase explosion. The pressure generated by
the phase explosion is usually much higher than it generated by the thermoelastic effect; sometimes it can even
reach one order of magnitude larger [26]. A nucleation-based phase explosion model was applied in the
simulation performed by Xiong et al.[106], and their simulation results matched well with the experiments, as
shown in Fig. 14 and 15, both results showed that the bubble diameter increases as the laser fluence increases.
However, there is an underestimate of the bubble size in the simulation. There are three possible reasons: 1) the
bubbles developed in the experiments were ellipse instead of perfect round shape, and the long axe was
measured for the diameter; 2) compare to the simulation, some parameters may have different values in the real
conditions, such as the portion of the laser energy that absorbed for the bubble formation and temperature rise, in
the simulation performed by Xiong et al. [106], which was set to 0.65, should be higher in the real printing
condition; 3) the classical nucleation theory adopted in the simulation may not be a perfect fit for the low fluence
conditions in the experiments.
Fig. 14 Transferred droplet volume versus laser pulse energy [106]
Fig. 15 Maximum bubble diameter under a 722 mJ/cm2 laser fluence[106]
It is essential to understand the physics of LAB in order to improve its printing accuracy and efficiency in
terms of promoting cell viability and adapting different printing patterns. However, the bubble and jet formation
is a complex multiphase and multiphysics process; more researches are required in this topic in order to further
advance the fundamental understanding of laser-bioink interaction and the LIFT biomaterial transfer process.
7. Viability and proliferation
The ultimate goal of bioprinting is to fabricate transplantable organs and tissues, however, it is difficult to
process the cells in the bioink, and to provide a perfect environment to help the cells sustain their morphologies
and functions during and after bioprinting [110]. It has been proven by Catros et al. [39] that the physicochemical and crystallographic properties of the bioink will be changed slightly by the laser pulse, no matter how
powerful the laser is. Furthermore, every step in the printing process has the risk of damaging cells and affecting
their viability and proliferation [111-114]. For example the mechanical damage in the transfer and landing
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process, the laser radiation damage, and the thermal damage before the cell transfer process. Therefore, the
viability and proliferation behavior of the printed cells become two of the most essential indexes to evaluate a
bioprinting method. From this point of view, the LAB is the best approach among all 3D bioprinting
technologies due to its highest cell viability and limited damage brought to transferred cells during the whole
printing process [115]. After being printed, the cells usually have viability greater than 80%, some researchers
reported the cell viability is greater than 95% or even near 100% [20, 55, 72, 116, 117]. Almost all experiments
support the claim that the cells recover and start to proliferate like normal cells after a certain period of time after
printing [19, 103, 118].
High viability indicates limited damages caused by the printing process, but it doesn’t mean zero cell
damage or death. Several experimental results have been reported and concluded a standard of LIFT-based
bioprinting: higher laser energy may cause a higher cell death rate because some researchers reported that there
is no significant difference in cell viability between low and high laser energy inputs [112], as shown in Fig. 16,
therefore, the bioink with higher viscosity provides a better protection than the bioink with lower viscosity [112].
Fig. 16 Effect of laser energy on cell viability (Bar = 100μm) [112]
The causes of cell injury in LAB need to be explored in order to guide the optimization of the printing
process, such as the physical deformation caused by acceleration and deceleration during bubble expansion and
landing process, the exposure to the extreme laser light, the thermal injury caused by the rapid local temperature
change in the bioink, and the chemical change of bioink and lack of nutrients [46, 119].
7.1 Mechanical injury
Among all factors, the mechanical force is the main factor that is responsible for cell damage and death, and
the mechanical injury to the cells usually is caused by high velocity and frequent switch between acceleration
and deceleration during the bubble/jet formation and landing process. Both the acceleration and deceleration
processes cause great pressure (normal stress) on the living cells. In addition, the large shear stress caused by the
acceleration and deceleration can also jeopardize the structures of living cells. Therefore, the shear stress cannot
be ignored even though it is much smaller in LIFT than it in nozzle-based bioprinting [105]. The cell viability
gets worse when the laser fluence increases and causes a higher shear stress on the cells [86]. Larger shear
stresses may kill cells by damaging the membrane [83, 120] and breaking the DNA double strand [83, 120].
Furthermore, it can interfere with the direction of stem cells’ differentiation [121], which may cause a big issue
for LAB.
When the laser radiates on the ribbon, the bubble generates, expands, and transfers a small amount of bioink
into a high-speed jet. The highest jet velocity can reach 500-1000 m/s and the acceleration in this process can be
as high as 105-109 g [105, 122]. In an experiment performed by Hopp et al. [72], the bioink jet has an
acceleration about 107g within about 1 microsecond, but the study showed that the cells didn’t suffer from
serious mechanical damages, so they concluded that the cells used in their experiments (Rat Schwann and
astroglial cells and pig lens epithelial cells) may tolerate huge acceleration.
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The deceleration process refers to the landing process, which has two types of impacts if the substrate has
been coated with a layer of liquid as a landing buffer [112]: the air-liquid interface impact, and the liquid-solid
interface impact. The second impact is considered as a “hard landing” when compared with the first impact of
“soft landing”. Obviously, the “hard landing” may cause more mechanical injuries because the cells crash into
the solid surface. In the experiment conducted by Catros et al. [112], some heavily deformed cells were observed
near the liquid-solid interface while there were no deformed cells at the air-liquid interface. Coating a thicker
“landing buffer” can prevent the cell from damage in the landing process. Printing with the laser energy of 8 μJ
per pulse, the cell mortality is around 50% when using the 20 μm “landing buffer”, which is greater than the 40
and 100 microns “landing buffer”, which are 30% and 10% respectively. Furthermore, almost all the cells
(nearly 100%) printed on the 20 μm buffer showed a shrunk morphology. They cannot proliferate and separate
on the substrate, which means they can be considered dead. This kind of cell also partially appears in the postprinting observation by using 40 and 60 μm buffer layer but shows no trace in the experiment using 80 and 100
μm buffer layer. Interestingly, the soft landing condition can improve the cell viability; the liquid buffer-coated
“soft ribbon” can also provide a “safe” environment by slowing down the jet velocity. Not only the buffer-coated
receiving substrate but also the EAL with buffer can enhance the cell viability. By coating an additional hydrogel
layer between the Ti EAL and the cell medium, the printed cells enjoy higher viability than the case without such
a layer [123].
To protect the living cells from mechanical injury, scientists also utilized the gelation in the bioprinting,
usually, they combine alginate and calcium chloride. The gelation can provide a buffer as a soft landing
condition, however, it may also create isolation between the cells and the nutrients in the bioink [86]. The
gelation time of 2 mins resulted in a higher cell viability than 10 minutes of gelation case when observed 24
hours after the printing. This is probably because a thicker gel prevented the cells from absorbing oxygen and
nutrients from the environment. Due to the limited nutrition absorption, the cell group that went through 10 mins
gelation process had less recovery ability than the group for 2 mins gelation process.
7.2 Thermal injury
The bioink is heated by the laser at the initial stage of cell transfer when the laser interacts with the EAL or
laser absorbing matrix. The laser fluence is so high and focused at a small spot size that could cause thermal
injury to cells in the bioink by deactivating the enzymes and denaturing the proteins [124]. Even though the
thermal injury can be fatal to cells, there are some papers reported that the thermal injury is negligible when
compared to the mechanical injury [46, 52, 76], because in a few nanoseconds, the high temperature can only
diffuse through a few microns, which is a relatively small distance when compared with the thickness of the
bioink. More researches are required in order to reveal the mystery about the thermal injuries.
7.3 Radiative injury
Exposing to the short wavelength laser, such as the UV laser, with high energy density could be one of the
reasons that cause cell injury, because the UV light may damage the DNA double strand and kill the living cells.
However, Barron et al. [103] stated that the UV light and heat only caused minor damage to the printed cells
even in extreme conditions that without EAL, in which condition 99% of the laser energy pass through the
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bioink. The AFA-LIFT is a good choice to further mitigate the radiative injury because the EAL can block most
of the radiation before it can contact the cells. Furthermore, their experiment also indicated that even with a very
thin Titanium absorbing layer (20 nm), 60% of the laser radiation can be absorbed. The other 40% of the laser
radiation went through the EAL, thus a cell damage zoom with only 2 microns depth is created, and therefore
only about 7% of the bioink was affected. To sum up, in most cases, the cell damage caused by laser radiation is
negligible when compared with mechanical injuries [76].
8. Technical challenges and future research trends
From the discussions above, LAB has many advantages, such as high printing resolution, high throughput,
high cell viability and good adaptivity with other bioprinting techniques, but it also has many technical
challenges and needs more research developments, as discussed in the following perspectives:
1) The wiedly used viscosity of the bioink is ranging from 1 to 8000 mPa·s, which is still not viscous enough
to build a solid structure without any support. A good printing environment that can provide enough support
for the printed structure should be developed, such as submerging the substrate into a bioink environment to
utilize the bioink as a supporting structure. The other way is to use bioink with high viscosity. The high
viscosity will challenge the printability of the bioprinter since it needs more power to transfer the bioink to
the substrate. In this case, the EAL will play an important role. New materials should also be explored for
better EAL performance. Graphene could be a promising material for two reasons: first, its black color can
provide a better laser absorbing rate; second, its biocompatibility may prevent the cells from being
contaminated by the EAL fragments.
2) Real organ printing is very different from the experiment performed in the lab since it involves different
types of cells with different shapes. One possible solution is to culture the different cells into various
modules as in the real in-vivo environment; therefore it can reduce the complexity of printing protocols. For
example, the retina is composed of many cells with different shapes, such as rod and cone, but they share the
same layer in the retina structure, thus it is extremely challenging to print those cells separately. If the
various types of cells can be pre-assembled in the culturing process before the printing, they can be printed
as a module instead of different types of cells.
3) Another barrier between laboratory benchtop and factory production is the scaling issue. Limited by the
current printing speed, the LAB technology is not able to fabricate bio-product on a large scale, such as
interacting synthetic cells and biological communities. In the future, the uncovered fundamental biological
principles should seamlessly integrate with biomanufacturing technology to achieve high speed and large
scale biofabrication.
4) The physics behind the bubble/jet formation is another essential topic of the LAB. By testing different
hypotheses, an accurate physical model should be established in order to precisely predict the initial bubble
formation in the printing and the jet development under various printing conditions. In addition, the
interaction between laser and bioink with different viscosities is another topic that needs more research
attention. The bubble/jet formation process is a violent process with high acceleration, high speed, big
pressure, and temperature change. A good study of it can eventually guide the optimization of bioprinting
process to achieve higher cell viability, even though LAB already has the best cell survival rate.
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5) Researchers claimed that the fragments of EAL can harm the living cells in the LAB process, however,
some researchers announced that some nanoparticles can actually have complex effects on organisms such
as microalgae [125]. For another example, the silver nanoparticles can stimulate or stop the proliferation of
the cells under different conditions [126, 127]. If the nanofragments from EAL can be utilized, it may have
the potential to act as nutrients and further support the living cells during and after the printing.
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AFA-LIFT

Absorbing film-assisted laser induced forward transfer

BA-LIFT

Blister actuated-laser induced forward transfer

DBB

Droplet based bioprinting

EAL

Energy absorbing layer

IR

Infra-red

EBB

Extrusion based bioprinting

LAB

Laser assisted bioprinting

LAL

Laser absorbing layer

LIBT

Laser induced backward transfer

LIFT

Laser induced forward transfer

MAPLE-DW

Matrix-assisted pulse laser evaporation–direct write

UV

Ultraviolet

VP

Vat polymerization
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Figures

Figure 1. Structure and main components of a laser-assisted bioprinter (modified from [48]).

Figure 2. LAB working process: (a) step 1; (b) step 2; (c) step 3; (d) step 4.
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Figure 4. Morphologies of EAL (titanium) after LAB. (a) Pulse energy 2 μJ, spot size 45 μm,
thickness 160 nm; (b) pulse energy 2 μJ, spot size 45 μm, thickness 100 nm; (c) pulse energy
2 μJ, spot size 45 μm, thickness 80 nm; (d) pulse energy 2 μJ, spot size 45 μm, thickness
40 nm [76].

Figure 5. (a) Droplet size and (b) jet velocity with/without the gelatin EAL; * indicates
significant difference between groups [83].
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Figure 6. Metallic foil-assisted laser cell transfer [77].

Figure 7. Three regimes for bubble/jet formation [70].

Figure 8. Droplets transferred at different laser energies; over each column, the average pulse
energy is indicated [53].

Figure 9. Droplet volume versus laser pulse energy [53].
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Figure 10. Different types of jets by using the cell-laden bioink [93].

Figure 11. Number of beads printed every time with concentrations of 1.0, 1.3, and
1.9 × 107 beads mL–1 [103].

Figure 12. Time-resolved images of the jet formation during LAB. Laser power: (a) 1.6 J cm–
2

; (b) 2.7 J cm–2 [68].
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Figure 14. Transferred droplet volume versus laser pulse energy [106].
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Figure 13. Bubble/jet formation process of LAB [68].
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Figure 15. Maximum bubble diameter under a 722 mJ cm–2 laser fluence [106].

This article is protected by copyright. All rights reserved.

21969744, 2021, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cben.202000037 by The University Of Texas Rio Grande Vallley, Wiley Online Library on [13/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Figure 16. Effect of laser energy on cell viability (bar = 100 μm) [112].
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